The disulfide-bonding pattern of glycoprotein 70 (gp70), the surface glycoprotein (SU) encoded by the envelope gene of polytropic Friend mink cell focus-inducing virus, was elucidated and compared with that of glycoprotein 71 (gp7l), the corresponding glycoprotein of the ecotropic Friend murine leukemia virus, which had previously been determined (M. Linder, D. Linder, J. Hahnen, H.-H. Schott, and S. Stirm, Eur. J. Biochem. 203:65-73, 1992). In the carboxy-terminal constant domain, in which these glycoproteins have about 97% sequence homology, the location of the four disulfide bonds was found to be analogous. In the amino-terminal differential domain, with about 37% sequence homology, 8 of the 12 cysteine residues of the ecotropic SU are conserved in the polytropic SU. In this domain, a similar clustering of disulfide bonds was detected, which led to the identification of three distinct disulfide-bonded regions in both glycoproteins. However, because of deletions and sequence deviations, the glycoproteins must have significantly different three-dimensional structures in these regions. Since the receptor-binding functions of both glycoproteins have been attributed to their amino-terminal domains and since each binds to a different receptor, these disulfide-bonded structures are likely candidates for receptor-binding functions. Limited proteolysis of both glycoproteins with various endoproteinases led to the identification of preferential proteolytic sites between disulfide-bonded regions, at the beginning of the hypervariable proline-rich region, and between differential and constant domains, further confirming the structural organization of the folded glycoproteins.
The Friend mink cell focus-inducing virus (F-MCFV), which causes erythroleukemia in newborn mice, is a polytropic virus formed by recombination of the ecotropic Friend murine leukemia virus (F-MuLV) with endogenous envelope (env) gene sequences (15) . It is the proximal leukemogenic agent, either by enhanced proliferation through altered receptor tropism or by directly affecting hematopoietic cell proliferation (28) . The polytropic virus binds to mouse cells, as well as other mammalian cells, but uses receptors on the mouse cell different from those used by the ecotropic virus (15) .
The primary env gene products of F-MuLV and F-MCFV are co-and posttranslationally modified to gPr9O. This precursor is then proteolytically processed to form the trans-membrane protein pl2E (TM), which is imbedded in the envelope, and the surface glycoproteins (SUs), glycoprotein 70 (gp7O) in F-MCFV and glycoprotein 71 (gp7l) in F-MuLV, which, together with TM, form the spikes on the surface of the virions (15, 28) . The env gene products are multifunctional. They are determinants of cell tropism by virtue of their receptor-binding specificities and mediate penetration of viral cores into the host cell cytoplasm (18) . The highly glycosylated extracellular SU carries most of the antigenic determinants and is responsible for interference (12) . In addition to their roles in viral replication, retroviral Env glycoproteins are important determinants of viral pathogenicity (18, 28) .
Relations of particular functions with specific regions of the SU and TM proteins have been established by studies of viruses whose env genes had been altered by point mutations (26) , insertions (10) , site-specific mutagenesis (7, 18) , deletion mutations (12) and chimeric molecules (1) .
However, a clearer understanding of the structural organization of the glycoproteins would be of great help in designing mutants in which particular substructures are affected, thus permitting a more precise correlation between function and protein structure.
Initial perception of the domain structure of the SU glycoproteins, i.e., the definition of the amino-terminal differential domain, the proline-rich hypervariable region, and the carboxy-terminal constant domain was obtained by comparison of the amino acid sequences of a number of related env gene products (19) . The identification of disulfide-bonded structures and preferential proteolytic sites should provide further insight into the structural organization of these glycoproteins.
In a previous publication (25) , we analyzed the disulfide bridges in gp7l from F-MuLV. Now, we present the assignment of disulfide bonds in gp70 from F-MCFV, as well as the results of brief exposures of both glycoproteins to proteinases. and [14C]iodoacetic acid was from Amersham, Braunschweig, Germany. Solvents and reagents for the sequenator were from Applied Biosystems, Foster City, Calif. Water purified by a Milli-Q Ultra-pure water system (Millipore, Eschborn, Germany) was used throughout, and all other chemicals used were of analytical grade.
Virus. The F-MuLV complex, produced by Eveline cells and isolated as described previously (25) , was used for the present studies.
Viral glycoproteins. The viral glycoproteins were released from the virus particles by freezing and thawing and were purified by chromatography through phosphocellulose, as described previously (24) .
The glycoprotein fraction containing predominantly gp70 from F-MCFV and gp7l from F-MuLV was further purified by reversed-phase HPLC (rHPLC) (Waters, Eschborn, Germany) on a Bakerbond Wide-Pore C4 (5-,um-particle-size) column (4.6 by 250 mm; Baker, Gross-Gerau, Germany) with a 2-propanol gradient (20 to Samples were tested for incorporation of radioactivity by fluorography after sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (23) or by amino acid analysis (see below). In the latter case, fractions eluting from the analyzer at the position of carboxymethyl cysteine were collected and, after addition of scintillation cocktail, were monitored for radioactivity with a model 4450 liquid scintillation counter (Packard, Downers Grove, Ill.).
Identification of peptides containing cystine. To identify peptides containing cystine, an aliquot of the tryptic digest of gp7O from F-MCFV was reduced and subjected to affinity chromatography on activated Thiol-Sepharose 4B, as described previously (25) .
Enzymatic digests. For exhaustive digestion with trypsin, gp7O from F-MCFV was dissolved (1 ,ug/,ul) Peptides generated by limited proteolysis were identified by SDS-PAGE, according to the method described by Laemmli (23), using 5 to 20% linear gradient separation gels.
Preparative gel electrophoresis was carried out on threestage peptide gels, using a Tris-HCl-tricine-SDS buffer system described by Schagger and von Jagow (30) . Peptides were eluted from the gels by the method described by Kurth and Stoffel (21) , concentrated, and applied directly to a glass fiber filter for sequencing.
Protein and peptide analysis. Proteins and peptides (20 to 100 pmol) were sequenced by the Edman degradation method 
a Double and triple sequences were detected in parallel in equimolar amounts. *, cysteine residues (according to the sequence shown in on Applied Biosystems (Foster City, Calif.) pulsed-liquidphase sequencers (model 471A or 477A). For sequencing of peptides eluted from gels, a modified additional wash program (Applied Biosystems SDS-wash cycle) was carried out before the normal sequencing procedure. Amino acid compositions and hexosamine contents of the peptides were determined on a Biotronik (Frankfurt, Germany) model LC 6001 analyzer, as previously described (25) .
RESULTS
Isolation of viral glycoproteins. gp7O from F-MCFV was isolated by rHPLC on wide-pore material as described previously for gp7l from F-MuLV (25) . Better than 90% purity was demonstrated by SDS-PAGE (see Fig. 6 , lane 2) and was confirmed by amino-terminal sequence analysis (data not shown).
Bonding state of the cysteine residues. To detect free sulfhydryl groups, the nonreduced denatured (6 M Localization of disulfide bonds. An aliquot of a tryptic digest of gp7O from F-MCFV was reduced with 2-mercaptoethanol and subjected to affinity chromatography on Thiol-Sepharose, which selectively binds free sulfhydryl groups. The rHPLC elution profile of the filtrate was compared with that of the nonreduced digest. The results are summarized in Fig. 1 . As expected, the elution profile of the filtrate of a nonreduced aliquot, which had been subjected to affinity chromatography (data not shown), was identical to that of the untreated tryptic digest. Fractions (shaded in Fig. la) of the nonreduced samples containing peptides Ti to T5, lacking in the reduced sample, were isolated and further purified for the following investigations.
Through amino-terminal sequence analysis (Table 1) and amino acid analysis (Table 2) of peptides Ti to T5 (Fig. 1) , it was possible to localize them in the sequence of gp7O from F-MCFV, as is shown in Fig. 2 Fig. 4 (25) are summarized in Fig. 5 , in which the sequences of the two glycoproteins are arranged to show maximal homology. It is evident that the pattern of disulfide bonding is completely analogous, even in regions in which the sequences are not homologous, leading to the identification of three disulfide-bonded structural elements (designated in Fig. 5 by roman numerals) in the amino-terminal domains of the two glycoproteins.
Limited proteolysis. Limited proteolysis of the polytropic glycoprotein with trypsin and analysis by SDS-PAGE of aliquots taken at appropriate time intervals led to the results shown in Fig. 6 . Because of the anomalous behavior of glycopeptides in SDS-PAGE (11) after Glu-23, Lys-113, Glu-116, Arg-151, Arg-234, Arg-289, and Tyr-298 (Table 3 ).
All preferential cleavage sites found in both glycoproteins are designated by arrows in Fig. 5 .
DISCUSSION
The murine leukemia viruses are a large, well-characterized group of retroviruses which have been classified through interference studies according to their host-cell receptors as ecotropic, polytropic, amphotropic, or xenotropic (27) . Since it has long been established that the Env Roman numerals show positions in the sequence of structural elements defined in this article. N-glycosylation sites (-) and known O-glycosylation sites (=) are underlined (8, 9) . Sequences are according to Chen (5) and Koch et al. (19) . 
a *, cysteine (according to the sequence shown in Fig. 2 ).
patterns in areas of proteins which are stabilized by disulfide bonds. Bonds between cysteine residues which are relatively close to each other in the amino acid sequence have led to the definition of distinct structures which are associated with particular functions, such as kringle domains (31), sushi domains (17) , and epidermal growth factor-like domains (4, 29) . Structural elements. Taken together, the localization of disulfide bonds in the ecotropic and polytropic Env glycoproteins and the results of limited proteolysis of both clearly demonstrate their structural organization. As is evident in Fig.   5 , the cysteine residues in the amino-terminal domains of both glycoproteins are similarly grouped, regardless of the degree of homology in the respective regions. Thus, we can define structural elements I (amino acids 46 to 98 in gp7l and 46 to 60 in gp7O), II (8) and Geyer et al. (9) . structure of this domain is relatively constrained, with no flexible segments.
A further cleavage site found in gp7l, after Glu-23, was not observed in gp7O. This is by no means unexpected, since secondary-structure predictions according to Kyte and Doolittle (22) show a hydrophilicity maximum in this region (Fig. 7) . A maximum in flexibility, according to Karplus and Schulz (16) , and a high surface probability, according to Emini et al. (6) , are also predicted for this region of gp7l. With the exception of a maximum in flexibility, these criteria are lacking in the analogous region of gp7O.
Comparison of ecotropic and polytropic glycoproteins. A two-dimensional model of the ecotropic SU and of the aminoterminal domain (up to the proline-rich hypervariable region) of the polytropic SU (Fig. 8) illustrates similarities and differences between the two within the structural elements I, II, and III.
Comparison of the sequences of F-MuLV and F-MCFV SU glycoproteins in the context of the structural organization defined here shows that, because of deletions and sequence deviations, they vary most within the disulfide-bonded structural elements I and III. The structure in structural element I of the ecotropic SU is replaced in the polytropic SU by a loop with a marked hydrophilic maximum (Fig. 7) . At structural element III, the smaller loop in the ecotropic SU has a more-pronounced hydrophilic maximum than that of the polytropic SU.
Within structural element II, the glycoproteins exhibit 50% (Fig. 7) , the ecotropic SU is extremely hydrophilic between the first two cysteine residues and has a slight hydrophobic maximum between the second and third. Correlation to function. The binding pattern in structural element II is the same as that of the first four cysteine residues of the epidermal growth factor (29) , human transforming growth factor-a (3), and the epidermal growth factor-like domain of urokinase, which was separated from the kringle domain by limited proteolysis (4). The common binding domain of a family of growth factor receptors described by Bazan (2) also has four conserved cysteine residues. Bazan proposes that disulfide bridges linking the first cysteine to the third and the second to the fourth contribute to the formation of a compactly folded headpiece for the factor-binding domain and that discrimination in binding is due to sequence divergence.
It has been shown that the amino-terminal domain of the ecotropic glycoprotein folds into a structure which recognizes the ecotropic receptor regardless of the carboxy-terminal part of the molecule (12) . Experiments with chimeric Env glycoproteins showed that the amino-terminal fragment containing the first 165 amino acids of the ecotropic virus SU and the first 118 amino acids of the polytropic virus SU, including both structural elements I and II, contains the determinants for receptor choice. The exchange of amino acids 167 to 189 in the ecotropic SU and amino acids 120 to 154 in the polytropic SU (including structural element III) did not affect receptor choice but did affect the efficiency of the interaction between the SU glycoprotein and its receptor (1) .
The proline-rich hypervariable region of the ecotropic SU has been found to carry a number of 0-linked oligosaccharides (9), which presumably lend it an extended structure (14) . The fact that limited proteolysis led to cleavage at both ends of and not within this region indicates that it is not merely a flexible link between the domains of the SU but is a functional entity.
Battini et al. (1) found through studies with chimeric SU glycoproteins that although the proline-rich region did not have a direct role in receptor recognition, it appeared to have an influence on the structures which bind the receptors. A similar observation was made by Ott et al. (27) in their studies of the recombinant virus lOA1, which has an amphotropic amino terminus and a polytropic proline-rich region. lOAl was found to bind to a unique receptor as well as to the amphotropic receptor.
The proline-rich region is also essential for stabilization of SU-TM interaction (10) , a function attributed to the carboxyterminal domains of the SU glycoproteins (1, 10) . Thus, it seems that the proline-rich region plays a role in determining the interaction of amino-and carboxy-terminal domains of the SUs.
Insertional mutations in the carboxy-terminal domain of the ecotropic SU at positions which correspond to amino acids 350 and 398 of F-MuLV gp7l led to disruption of SU-TM interactions (10), which indicates that the carboxy-terminal domain of the SU binds to the TM protein through noncovalent interactions. A further role for the carboxy-terminal domain is suggested by the finding that a Cys-to-Arg substitution at the 361st amino acid of gp7l hindered SU-TM cleavage. The mutant gp was retained in the endoplasmic reticulum and formed aggregates (26) .
Conclusions. 
